Abstract. A projective sphere coordinate system in a Wiener filter method to improve the performance of resolution enhancement for microwave radiometer data of a geostationary Earth orbit (GEO) satellite is proposed. Because of the impact of Earth's curvature on remote sensing measurement, the footprint of microwave radiometer is varied while scanning, especially in positions far from subsatellite point. The deconvolution technique used in the microwave radiometer measurements from Earth directly is therefore inaccurate because microwave measurement under this situation cannot be considered as a convolution process. To ameliorate the deconvolution method, a projective spherical coordinate system that enforces the footprint of a microwave radiometer invariant on the surface of a spherical coordinate system in measurements is presented in this article. The performance of the projective coordinate system is evaluated by GEO satellite simulated observations. The simulation results show that the proposed method produces better resolution enhancement, especially in the position where the footprint of the microwave radiometer is seriously influenced by Earth curvature. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
The geostationary Earth orbit (GEO) satellite is much higher than low Earth orbit (LEO), which causes a lower spatial resolution for passive microwave remote sensing. To improve its spatial resolution, submillimeter wave is desired for GEO passive microwave observation. However, the frequency ranging from 50 to 70 GHz, which is widely used in temperature sounding, is an important band in microwave remote sensing, 1 which is sensitive to oxygen and thus can provide better observation of atmospheric vertical structure. Furthermore, comprehensive analysis of multiple frequencies is also necessary for GEO satellite remote sensing, but the remote sensing data of different frequencies with the same resolution are useful for users. 2 Resolution enhancement is such a technique that uses redundancy measurements in low-frequency channel (oversampled information) to achieve a measurement of higher resolution.
The methods of resolution enhancement, such as the Backus-Gilbert (BG), scatterometer image reconstruction (SIR), and Wiener filter, have been introduced to increase the spatial resolution of passive microwave remote sensing image. The BG method is an antenna-pattern deconvolution technique that obtains an inverse matrix, which is to be convolved with the measurement data to reconstruct brightness temperature. [2] [3] [4] [5] [6] The SIR algorithm is a variation of the multiplicative algebraic-reconstruction technique which could find the optimal estimate of brightness temperature by iterative algorithms. [7] [8] [9] The Wiener filter method using filter and Fourier transform theory to invert the convolution processing in measurement could also reconstruct the brightness temperature. [10] [11] [12] These methods have been widely used in microwave radiometer data from LEO.
Recently, Wiener filter and SIR methods were applied to GEO satellite imagery. 13 But in this application, the Wiener filter matrix which was used for deconvolution did not change for a whole image in the processing of brightness temperature reconstruction. Compared with the LEO satellite, the influence of Earth curvature on GEO satellite image is much greater, which causes obvious distortion of the footprint, especially in the locations far from subsatellite point (SSP). The observation interval and footprints of microwave radiometer should not be considered to be changeless in every scan. The distortion of pixels position can be alleviated by resampling, but the impact of Earth curvature on pixel itself existed and was not discussed in the above applications. Actually, in GEO radiometer measurement, the properties of convolution are affected by the variation of microwave radiometer footprints. In this article, we improved Wiener filter method using a projective spherical coordinate system, which achieves higher resolution by considering not only the location of the pixel but also the pixel itself.
We first give a brief introduction of Wiener filter method and the projective spherical coordinate system. Next, we present the background and evaluation method of the simulation. Analyses of the simulation results are also made in this section. Figure 1 describes the observation of a microwave radiometer, which can be presented by integrating the products of the ground brightness temperature and the instantaneous field of view (IFOV) of antenna pattern below:
Method Description
where t A ðθ E0 ; φ E0 Þ denotes the antenna temperature in location (θ E0 ; φ E0 ) and stands for the brightness temperature on the ground F nðθ E0 ;φ E0 Þ ðθ E ; φ E Þ is the IFOV of the antenna pattern corresponding to the observation location (θ E0 ; φ E0 ). In the above expression, θ E and φ E denote the spherical coordinates on Earth (and Earth is assumed to be a sphere); θ E0 and φ E0 are the coordinates for the observed location. Based on Eq. (1), Wiener filter method is used to reconstruct Earth surface brightness temperature t B ðθ E ; φ E Þ from antenna temperature t A ðθ E0 ; φ E0 Þ.
Wiener Filter Method
Wiener filter method applies deconvolution on antenna temperature t A ðθ E ; φ E Þ to obtain higher spatial resolution images. Assuming that IFOV is invariant in the observation, F nðθ E0 ;φ E0 Þ ðθ E ; φ E Þ, which is independent with observed location can be expressed by F n ðθ E ; φ E Þ. Equation (1) can be expressed as convolution of t B ðθ E ; φ E Þ and F n ðθ E ; φ E Þ,
where ⊗ defines the convolution and nðθ E ; φ E Þ is the noise of radiometer. Then, applying Fourier transform on the both side of Eq. (2), we obtained Fig. 1 The observation process of a radiometer on Earth. 
Generally, the solution to a convolved problem as in Eq. (2) needs an optimization method such as least-squares to prevent unstable solutions.
14 In Wiener filter, the method of minimizing the mean square error is used as the constraint condition to obtain optimum solution of the problem. According to Wiener filter method, the inverse operator Wðu; vÞ is given below:
where NEΔT is the noise of radiometer 15 and P TATA ðu; vÞ is the power spectrum of the image T A ðu; vÞ.
Proposed Method
However, in the case of GEO satellite, the prerequisite of convolution is unsustainable since IFOV changes in each observation. Figure 2 (a) shows different IFOV surfaces (the plane tangent to the surface) of antenna pattern in different location. In the Earth case, IFOV on point A can be calculated through the projection of antenna pattern on Earth surface. If A is far from SSP, the projected surface on Earth will not be perpendicular to the line O'A, i.e., the IFOV, changing from circle to ellipse, as shown in Fig. 2(b) . And the ratio of the major axis to the minor axis of the ellipse r ellipse is determined by the angles α and β. Since the angle between IFOV surface in point A and line O'A is γ ¼ 90 deg −ðα þ βÞ, the ratio of the major and minor axes of the ellipse r ellipse can be calculated as following:
Due to the effect of geometric distortion, IFOV of antenna pattern keeps changing with observed location moving. The deformation becomes more evident as the incidence angle α þ β increasing. Although in a limited area, this change is negligible, it can break the convolution prerequisite for implementing deconvolution.
To correct the distortion, we propose a projective sphere coordinate system. The projective sphere is centered in the satellite and owns a proper radius (the length of radius makes no difference to calculation results provided that it is less than the distance from satellite to SSP). Furthermore, our aim is to obtain a fixed IFOV by using point-by-point projection from Earth to the sphere. As shown in Fig. 2(a) , in the proposed sphere, O'A' is the radius of the projective sphere, and the IFOV surface is always perpendicular to O'A'. Because of this perpendicular relationship in the projective sphere, a changeless IFOV on the projective sphere can be achieved.
As shown in Fig. 2(c) , there are two coordinate systems in space. Let (θ E ; φ E ) presents the spherical coordinate of Earth, and (θ S ; φ S ) presents the new coordinate of the projective sphere. Also, when radiometer antenna observes in the location Aðθ EA ; φ EA Þ on Earth, the corresponding projective point in the sphere is presented as A 0 ðθ SA 0 ; φ SA 0 Þ. The proposed method can be processed by the following steps.
In the first step, every pixel of original image and IFOV is marked with its ground location coordinate (θ E ; φ E ) for the preparation of projection transformation.
In the second step, the projective transformation is applied to the Earth coordinate to get the coordinate on projective sphere. The two-dimensional position of (θ E ; φ E ) is projected onto the projective sphere with new coordinate system (θ S ; φ S ). The expression of projection transformation is the below:
where r dr is the ratio of distance O 0O to Earth radius. In the new coordinate system, Eq. (2) can be written as following:
where t B ðθ S ; φ S Þ, F n ðθ S ; φ S Þ, nðθ S ; φ S Þ, and t A ðθ S ; φ S Þ come from t B ðθ E ; φ E Þ, F n ðθ E ; φ E Þ, nðθ E ; φ E Þ, and t A ðθ E ; φ E Þ, respectively after projection transformation. At last, the deconvolution method is applied on Eq. (9) to get reconstructed brightness temperature on the projective sphere. The brightness temperature t 0 B ðθ E ; φ E Þ on Earth is obtained by inverse projection transformation on t 0 BS ðθ S ; φ S Þ. In this section, a projective sphere is introduced into Wiener filter method to preserve the convolution process in GEO satellite observation. The simulated results, in Sec. 3, show that the proposed method using projective sphere outperforms original Wiener filter method in resolution enhancement.
Simulation Results
Before the simulation results are shown, the details of the background and the evaluation methods of images are introduced as follows.
Background
The coordinates of latitude and longitude (denoted by "lat" and "long") are the relative value to the location SSP. Here, the coordinate of SSP is assumed to be (0°E, 0°N). In this simulation, the observation is set in the location of (0°E, 0°N), (25°E, 25°N), and (35°E, 35°N) on Earth. The coordinate of a location can be transformed from the sphere coordinate system (denoted by θ E and φ E ) by the expression as below:
Since a GEO radiometer image is unavailable currently, the observed brightness temperature has been simulated by convolution of the antenna pattern with a given scene provided by a LEO remote sensing satellite (if this true). The spatial resolution of remote sensing images is 1 km, and the area is 1000 × 1000 km 2 , as shown in Figs. 3(a)-5(a) .
In this article, the diameter of antenna is assumed to be 2.7 m, with 0.15 deg half-power beamwidth of antenna pattern at 54 GHz, which can provide about 94-km spatial resolution at SSP. The distribution of normalized antenna pattern is assumed to be a bidimensional Gaussian function. The scan interval of the satellite is 10 km in SSP, and the angular velocity of microwave radiometer scanning is steady in some measurement area. The height of GEO is 36,000 km, and the shape of Earth is assumed to be a sphere with radius of 6400 km. The noise of microwave radiometer is 0.5 K with Gaussian distribution.
For comparison, the original Wiener filter method is called method A in the simulation. The proposed method introduced in Sec. 2 is called method B, which uses Wiener filter method in the projected sphere.
Method of Evaluation
Spatial resolution and synthetic index are used to evaluate the performance of resolution enhancement. Here, the expression ffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
is applied to calculate spatial resolution, where d t and d l denote the lengths of minor and major axes of the IFOV. The correlation coefficients R Tb 0 ;Ta x between image after enhancement Tb 0 and the images convolved by different IFOV Ta x [according to Eq. (2)] are calculated. The spatial resolution of enhanced image is defined as the resolution of convolved image that has the maximum correlation coefficient R Tb 0 ;Ta x .
The correlation coefficient of two images can be denoted as below:
where X and Y denote the two compared images, and CðX; YÞ can be expressed as (35°E, 35°N) , which could restore more details than method A. Also, the correlation coefficient of method A and method B with the images convolved by different IFOV is provided by Figs. 3(e)-5(e) and 3(f)-5(e). The evaluation of above figures is shown in Table 1 . From Table 1 , it is known that the value of spatial resolution before and after reconstruction for the two methods are 71.33 and 64.64 km at the area of (20°E 20°N), and 89.78 and 67.33 km at the area of (35°E 35°N). Method B provides obvious improvement in spatial resolution after enhancement. The synthetic index in each case is bigger than 1, which indicates that the reconstructed images have better relationship with the scene of the Earth surface. In the case of (20°E 20°N) and (35°E 35°N ), correlation coefficient R of method B is bigger than Method A, whereas in (0°E 0°N) the parameter R of the two methods is similar. At SSP, the two methods provide nearly the same results, because the change of IFOV on Earth is little in this area.
Conclusion
In this article, a projective spherical coordinate system is proposed to correct the geometric distortion in GEO resolution enhancement with the Wiener filter method. The sphere provides invariant inverse deconvolution matrix in the Wiener filter method to improve the spatial resolution, which performs better in the location (35°E 35°N), which is influenced by Earth curvature more significantly. It is found that in this region, the IFOV of antenna on Earth changes gradually in observation, which reduces the performance of deconvolution. However, in the projective sphere, the IFOV remains unchanged, which causes better performance for Wiener filter method. In implementation of this method, low-resolution image of microwave radiometer is transformed onto the projected spherical coordinate system first, and then the filter matrix is obtained through coordinate transform. Furthermore, the deconvolution is applied to the image in this spherical coordinate system. Finally, the deconvolved image is transformed into Earth coordinate system. To evaluate this method, the original Wiener filter is used for comparison in the simulation. The results prove that this projective coordinate system can improve the performance of resolution enhancement of microwave radiometer data using Wiener filter method, especially at the position far away from SSP.
